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The algorithm for synthesizing relational data base schema in

N the 3rd normal form assumes uniqueness of functional dependencies.
This assumption is examined and a method for checking the

assumption is presented.

I. INTRODUCTION

Beeri and Bernstein [2] have developed a fast algorithm for
synthesizinq relational data base schema in the 3rd normal form
from a given set of FDs such that the resulting schema embodies
the original FD's. They take an axiomatic approach to FDs and use

a set of axiom schema to derive all the FDs that follow from a

given set of FDs. If G is a given set of FDs, G+ denotes the set
of derived FDs. 1In order for their algorithm to work they must

make the following "uniqueness" assumption.

Let X be a set of attributes and A an attribute. If X-=->A G+

’ then any derivation of X-->A represents the same “user intent".

In [2a] Beeri and Bernstein achieve the uniquness assumption
by assumming that all the relations of a data base are projections
q‘ of a "universal relation”. Since a universal relation never

. "really” exists the verification of the uniquness assumption

remains a problem.
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i When Beerl and Bernstein's algorithm is used to synthesize

relational data base schema an attempt should be make to verify

] ¢ the uniqueness assumption. Even though Beeri and Bernstein's

’ algorithm is linear any attempt to verify the uniqueness

assumption is doomed to exponential time.

An automatic checking for violations of the uniqueness
assumption is preferable to interactively "showing" each
derivation to the user. Such a semantic analyzer is difficult to
find since it is not known how to formalize the "user intent” of
an FD, As a partial solution we classify FDs into three types,
regqular, injective and computable. Armstrong's [l1] axioms can be
applied to these types so that every derivation of an FD will
result 1in classifying the FD as one of the three types (given the
types of the initial FDs). When two derivations of an FD result
in two different classifications then we have a violation. If two
derivations both result in a calculable FD it is sometimes
possible to decide that the calculations are different and there

Y is a violation. 1In other cases it would not be known if there was

a violation.

I The usual solution to a violation of uniqueness is to rename
some attributes. We show that this may lead to "problems” and

that sometimes certain derivations must be 'outlawgd.'
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Il.. Preliminaries

We assume the reader: is fanmiliar. with the notation and
results in bLeeri and Bernstein {2]. Our view of relational data
bases is somewhat similar to that of Cadiou [4] and Nicholas [8].

There are two notions of a relation; intension and extension.

The intention of a relation shoulé include as much of the
“user intent* as possible. The intention of z relaticn consists

of:

1. R(AjsecesAp) - a relational form, where R is the name of

the relation and {i;,...,A } are the attributes

2. A set of keys.
Remark: 1. and 2. are usually called a relation scheme
and in Beeri and Bernste:n [2]) this is all that i3 meant

by the “intention."”
3. Functional dependencies 1
4. Other types of dependencies
5. Domain definitions of the attributes

6. Other integrity constraints (S5ee Eswacian [5]) and LHammer

Mcleod [7] for a taxonomy).

For each intension R there are many extensicns. gach
extension (or instance) of R is a finite set, R, of n-tuples

satisfying the constraints of the intention.

- -




Page S

The intension of a data bese 1is a finite collection of
relational intensions with addaitional integrity constraints (that
include more than one reiation). Attriputes and their dJdomain
definitions are invarient over the data base so the FDs (and other
dependencies) can be considered to reside in the data base as a

whole.

The constraints on a data base can be stated in any
appropriate language such as: firat order: rgpredicate icaic,
SEQUEL, QUERY 3y EXAMPLE. It is possible to discuss tﬁe set of
all extentions of a data base but many guestions (consistency,
derivability) may be undecidable. For detz2ils consult Gallaire

and Minker {6) and Nicholas [8].

Tne constraints tor wnich the above guestions are important
are tnose tnat aftect the structure of tne data oase. F£Ds affect
the relational data oase shcema since the normal forms are stated
in terms of the FDs. Fortunately, under the unicueness
assumption, questions of consistency and derivebility about FDs

are decidable.

We shall review some notation from Beeri and bBernstein [2]
and describe their program. An FD is dencted by X-->Y, where X
and ¢ are sets of attributes. The only informaticn that the above
notation imparts is that for any relation R wnose attributes
include X' Y and for any instance R of R, if two tuples coincide
on X they must also coincide on Y. Sometimes f:X-->Y is written,

where f aenotes a canonical name for tne partial functicn from

daom(X) to dom(Y) which i3 dependent on the extension (and changes

—reTEESS

-

I e E—
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as the extension does).

Armstrong [l] gave a set of axiom schema for deriving FDs
from a given set of FDs and shows that the system is sound and
complete. Beeri and Bernstein use the following eguivalent
axioms.

AI:. (Reflexivity) X-->X
Ays. (Augmentation) If X-=->% then X .U Y==>Z

A3=. (Pseudotransivity) 1f X-->i and Y. 2-->W then X VI-->d.

If G is a set of FDs, then G+ is the closure of G under the
above axioms. An important part of Beeri and Bernstein's
algorithm is to compute G+. If X-->Y can be derived from G it can
be derived by an infinite numpoer- of derivatiocns. By the
uniqueness assumption Beeri and 3ernstein can assume any
derivation of X-->Y represents a unique "user intent." Hence they
need only search for one such derivation. They only have to
search derivation trees of height at most the number: of a;tributes
among the G since a derivaticn with a loop (i.e. one that goes

through an attribute twice) is the same without the loop since

X-->X must be the identity mapping by uniqueness.

I1L. Checking and Correcting the Unigueness Assumption

Any method for verifying the uniqueness assumption will
involve comparing different derivations of a single FD. By the
above method, if X-->Y is not unigue there are two derivations of

X-=>Y. by trees of at most height twice tne number of attributes

T A S
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(since at most one loop is needed). Hence if we had an 2algoritnm

for deciding whether two derivations represent the same "user

3 - intent" the uniqueness problem would be decidable. Since we would
i have to search all. derivations the solution 1is at Dbest
exponential.. Wwhen a violation of uniqueness 1is discovered tne

usual remedy 1is to change attribute names so that two different

FDs are produced. This would change the final relational data

base shcema synthesized by the Beeri and Bernstein algorithm. :

Primitively the "user~ could be used as an oracle to decide
whether. Gerivations are unigque. If a violation 1is found
attributes can be named but it would produce more derivations and
possibly wviolations. It is not clear that such a process
terminates by some given ovound (an example of this will be
discussed later). Beeri and Bernstein suggest an alternative
{ : solution--simply reject some inferences. We shall see that this

may be necessary.
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We propose a classification of FDs, with whicn we can
automatically detect many of the violations of uniqueness. We

define three types of FDs: regular, injective and computable.

Armstrong's axioms are adapted to include the above types. A
violation can be detected if two derivations of X-->1i ere tound
with different classifications. When two derivations of X-->Y are

of the same type then a violation can only be discovered by a

finer classification. When both derivations are computable then a

finer. classification can be made by checking if they are the same

computation. Unfortunately the general problem of equivalence is
urdecidable (depending on the language used). The situation is
similar to program verification and most computations encountered
will be simple enough to compare. The use of computable
attributes in a data base is gquestionable and ;ill be discussed

later.

l.. Reqular FDs: These are those defined by Armstrong.

# # s 4
Example: EMP--> Dept ; Dept-->MGR .

e wswn B

2., Injective (or One to One) FDs: This just means that the

canonical: function is always injective for each instance.

i We denote this by X<==>¥,

Examples: X<-->X, SS<-->Fassport?.

ﬁ\ N 3. Computable FDs: In this case the canonical function

represents a real function of the attributes domaing,

other functions and the data basse instance. We denote
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this by F:X-->Y, where ¥ represents the real function,

Notation: Lower case letters will denote the canonical names for

non-computable FDs. Higher case 1letters will be reserved for
computable FDs and general FDs (computable or non-computable) are
denoted by Greek letters.
Examples:

A. F:SALARY, iumber~of-Dependents-=>WiDhold ing-Tax

B.. If A and B are attriputes we may have A+B=k a constant and
G:A-->3 where G=K-A

C. BH: Dept”-~->Number-of-Bmployees
The algorithm for H is to count the number of employees in the

department for eacn instance.

Une may ask if computable attributes snould be in a data base
altogether. The answer is that in general they should not. 1If
the computation is cheap it can be recalculated every time there
is a query. Even if not the attribute shoula be virtual in the

following sense:

l. The attribute should be attached to an aopropriate
relation- but not be considered in the relational schema
and should not take part 1in aquestions of the various

forms (i.e., not used for FDs).

2. Every time an uvdate is made that affects the value of
the wvirtual. attribute in a tuple, it shoulid be

recalculated.
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3. 1t shoulu be included among the attrioutes for cqueries.

The only proplem this woula present 1is for one to one

l:3—->A (as is the case for A+3=K).

computations F:A-->3 and F
Then we would have to decide which was more "basic" and this may
not be known by the user. Hence in such cases it is better to
leave them in and consider them for the normal forms. It seems
that in practice computable FDs are included among the attributes

of data bases even if they are not one-to-one. This is the case

for some of the examples in Beeri and Bernstein [2].

It is easy to see that Armstrong's axioms can be adapteé as

follows:

Al a. X<-=>X

b. 1f X<-=>Y thnen ¥<K==>X%

A2 a. 1f X z (or X<==>Z) tnen X\ Y{-=>Z

* *
b. if F:X-=->Z then F :XV ¥-->Z where F (X,Y)=F(X)

A a. if [((X-->Y and YV 2~-=->W) or
(X<==->Y and YJ2Z2-->W) or
(X=-->Y and Y .,Z2<-=>W)] then

X Z==>W

b. 1if X<==>Y and Y\ -2<-=>W then X_ 2<-->W

i
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C. if FiX=-=>¥ and (1. Z==>W Or Y 2<-->W) then F :X. G==>W
where if £ is the canonical name for Y. Z2-=>W (Y - 2<~==>W)

then F (X,2)=£(F(X),2) .

*
d. if (X-->Y or X<-->Y) and F:Y-2-->d then F :X  2-->W
where 1f f 1is the canonical name for X-->Y (X<-=->%) then
wx
F (X,2)=p(£(X),3)

[ 3
e. 1f Fl:x-->Y‘ and Fz:Il 4-=>W then F :X. ZI~-->A where

s‘(x,z)=ez(Fl(x), ).

It is oovious tnat the correct classification is given

in each case.

We start with a set of wuser classified FDs. It can be
assumed that there are no violations among the given FDs. Careful
specification of the FDs wild. help prevent violations. We sh2ld
illustrate how the above <classification of FDs can be used to
detect violations by using the three examples given in Beeri and

Bernstein [Z].

In order tc define computable functions we need a function
manipulation language (we cannot use relations since we are only
given FDs). Buneman and Frankel [3] have developed a function
guery language which would more than suffice for our. purposes.

Since its syntax is not commonly xnown we will Jdevelop only

sufficient tools for our examples intuitively.
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Non-computable FDs (denoted by 1lower case letters) are

treated as atoms. We &zllow composition of functicns (this was
already used in the adapted axionmns). Let X :A=-->3 (remember Graek
letters represent both computable and non-computable FDs). = is
realized in an extension of the data base as a partial function
A dom(A)-->dom(B) since dom(A) may be infinite but only a
finite number of values are realized in any extension. Let EEETKT
represent the finite subset realized in a data base extension.
Let « (A) represent the set {«(a)}la-dom(A)}. For b<«dom(B),
'7(#(A)=b is the characteristic function of the predicate 'x(A)=b

agetined over dom(A), i.e., 2;(A)=b’ aom(A)-->{V,1} defined by:

75

;{ 1l if (a)=b
#(a)=o0(3)=

0 otherwise o
We allow taking the sum of a set hence if f:Empﬁ -=>Dept " then we

can define a computable function F, F:Dept‘d =-=>hlumber-of-Emplovees

by:

., I
F(d) TJ f_(! () ) ) tor d¢& dom(Dept” ).
clom(&Empt)

Tnus F would count the numper. of employees in a department.

Let g:Dept” -->Mgi". we can define a computable

G:Mgrw -=>Number-of-Employees by:

</_
Gm= [(/j(u“r,,);”)‘*(b‘(oept*)],
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wnlicn computes tne num.er of employees for a particulac manager.

ine aoove 13 just the eabryo vf a language oOut it is enough

for our own purposes.

: . = .ot
txample i. we are given flzoept“ -=>igr -,
+ .
:z:!:;.npv -=>Jept , rloor, FB:Ceptﬁ, Fioor-=Juumper-ot~saployees,
ana R“:ugr&, Floor-->numper-of-umployees.

EJ 1s computable oy:

z (alf,=

JJM(Fm,’) R/'(v.(‘”‘f’) ')/

L-‘Lf 1s coaputavle vy:

FQ_ (m,E)= — [('Z ’D :) " EB(DePc# b))
1y tDep
tbom(Lapr )
) -
usSing As (a) on fl:Dept -->x-lgr* anau 1-‘4:.-xgrﬂ
rioor=-=->yNu.aper-ot-uvangloyees we uerive

G:bept*,rloor-->dumuer-of-umployees waere,

G(a, c)=rq (r (u),r)= :5;‘ { Uy ) ; )*F  (Cegpt™ ,0)).
. (M,(.fﬁd*) 1(0pre) =4 CD
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Clearly ais algoritam could be dJefineu wnich <Cceulc deciae
G¥ 3 aence there are two derivations of Dept“,
Floor~-=>numder-of-cmployees witn different user 1intents. Beer1
ana bernstein's soiution to this violation is to change E‘ to:

84:ugf“}rloor-->wumoer-of~umployees-ot-uanager
remark. Ir we uila not nave tz (as 1s tne case in tae deerl anu
pernstein |2] eaxample, Fo woulu revert to a non-computawvle t3 out
Eq woulu remaln cosmputaole. G woulu be computavie also anu a
violation woulu ve aetecteu Decause tnere were two uerivations of
Uepf#, Floor-->unumuver-ot-Lmployees one regular anu tne otaer
computaole. -

#

Example <. Let :S:me* ==>4yr  anu szugr# <-->dmp*. By aj(v)

appliea vo fu we agerive gl:ump* <-—>Mgr# anu tnis {1ves two

v - - % . .
qerivations of cmp -=->mgr , onc¢ regular anu tne otner injective.
nere tnere 1s a violation. (we coulu nave useu transicivity on

4 < , . _

;¢ £, to get g, :irmp  -=>dap as oOpposed to the wuerivation of
4

LRE <-->amp’iny A)(a).)

L

Beeri ana gdernsteln's sgolucion tu tnis vioiation is to change
L, to fb:mgr# —->gmﬁy-of-M9r. uniortunately tnis leaus (o
auultlonal proolems. Assuwe we have a mnmierarcny of managers
(manager of managers, etc.); now woulu the aanager Of a wwanager
oe ueterminea. Ir the manager is treatea as a regular eaployee in
sméﬁ--->ngr& an rp &mp#-Ot-mgt<-->um§# is neeued wniuh ajain
causes a violation. Jutherwise a Bmp”¥0t-ngr—>ugr*-ot-mg: is
neeueu, and S0 oOn untili tne nignest manager. 4n1s 1S analogcus to

a geneology wata oase with a J3ou, fatner relation. In sucn a cese
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attrioutes for Granafatner, ureatgranafatner, etc. until Auaa.
inls entails an explesion of actriouces. Tne- only teasioie
solution is to outlaw proplematic derivations and consiuet
agr -of-rgr etc. a virtual compuctaoie,

Exaapie 3. Let f7:5tocK* -->store” anu fO:Stocx*} store? -=>Qty.
Tne “user intent*” of t7 1s to mag tne atocx* onto Store& or tne
store that 18 1n charge ¢i oraering that itea anu to ~aps Stockﬁ
ana sx:on:e"t of the store 1in wnica it 1s opeing Soiu into the
guantity on nand. usSinyg As(a) we uerive g3:btockﬂ'-->gty . Tnen
Az(a) gives

94:Stocx1; atore*L-->Qty. f8 anu g, regpresent two aqirterent

H

. =3
intents -of ©Stock , store =-=>yuty ootn classitieu regular. dence

they coulu not e distinguilsned by tne classiflicatiovn aetnod.

ne aoove vioctation coula bpe avoidea by careful user
uefinitions of fDs. <[ne user suould consider tne range of tue rwv
anu if it aoes not incluae ali tne uomain, a new attripute Saoulu
De named. S0 Stockﬁ -->§tore aoesn't iaciude all store nuacer 1n

its ranye, only ordering stcre nuw.ivers.

iv. wiscussion

It nas peen snown tnat cnecking tne unigueness assuamption
Must wve very time consuming. It is possivie that certain liniteu

types of sets of rDs cannot leau tv vioiatlons out 1t 18 unlikes.y

tnat these types coulua cover reais situations.
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Another prooienm encountered was a prol iferation of
attributes. Trying to satisfy the uniqueness assumption leads to
many attribute names and it may make queries diffecult for a user
if he has to differentiate Ordering Room , Storing Rooa ,

Personnel Room , etc.

In adédition the uniqueness assumption cannot contend with

. & 4 .4
natural loops" as in the Emp =-->Mar -->Emp etc.

It is interesting to investigate what nappens to these
semantic violations in a regular relational data base using a

normal query language.

Since the formulation of a query uses relation names the
“derivation” depends on how the guery is presented. We shall use
example 2 and SEQUEL to illustrate. Assume we have two relations
E(Emp”, Mgr") and M(Mgr®?, Emp").

If we wanted the Empt ot the manager of a given Empc, e, we could

write:

Select Bnp*
From M

. ”*

wWnere Mgr =

Select Mgt
From E

Where Emp?=e

We could also form the egquation on Mgr qetting EXM which are the

triples, (Emp®, Mgr®, Emp’), where the seconé Emp” is the Emp’ of
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the manager. The natural join of E and o would be null because of
the violation. 1In a regular relational data base such violations
may cause some problems but are not catastrophic. If the above
violations were not detected, the Beeri and Bernstein algorithm
could eliminate E or 4 as redundant. Hence the desirability of

synthesizing relational. data base schema should be considered.
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